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Abstract 
The machining of complex curved surface is a highly complex process. Cutting load and the various changes of tool spindle 
vector are the important causes which restrict the machining precision of complex curved surface and the efficiency of machining. 
This paper presents an analysis method of machining techniques about complex curved surface based on the advanced analysis 
theory, and constitutes the relationship among cutting tools, machining parameters and cutting parameters through analyzing the 
affect factors of the cutting force. Optimize the machining techniques according to the results. Finally using the field process 
validated that the method is efficacious. 
© 2016 The Authors. Published by Elsevier B.V. 
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Introduction 
With development of the technology and the complexity of 
the mechanical product’s structure, the streamline structure 
with complex curved surface is widely used in the mechanical 
products. Because the rigidity of complex curved surface is 
poor, the tool spindle vector is changing variously during the 
whole process and the special demands are required in the 
machining of surface, the process on the parts of the complex 
curved surface is more difficult and complex than before. The 
method used today cannot meet the needs on the precision and 
efficiency of machining. This paper presents a new method 
which successfully fused the logos of advanced analysis into 
the machining process of complex curved surface. This 
method can be used in solving the problems above effectively. 
1ǃThe principle of advanced simulation analysis 
The advanced simulation analysis contains geometric 
simulation of cutting process and finite element analysis. The 
geometric simulation of cutting process simulation simulates 
the cutting process from geometrical side in order to check the  
 
Fig.1. the flow of advanced simulation analysis 
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correctness of the NC program and remove the phenomena of 
collision, interference, over cutting, under cutting, etc. The 
major research of finite element analysis is mapping the 
changes of physical factors made in cutting process such as 
cutting force and cutting heat into the virtual cutting process. 
Indicate references by [1] and [2] in the text. Analysis and 
optimize the key factors which are involved in the cutting 
process by establishing the cutting force model and oscillation 
model or by simulating the distribution of displacement field, 
stress field and temperature field during the cutting process. 
Improve the forecast ability of tool abrasion, tool breakage 
and tool vibration. These works can control the cutting 
parameters effective and realize the optimization of cutting 
process and the quality of the parts. The flow of advanced 
simulation analysis is below (see Fig. 1). 
2ǃThe mechanism analysis of feature part on complex 
curved surface 
During the cutting process of complex curved surface, the 
cutting performance of material and the effect of cutting force 
will lead to distortion which affects the quality of parts 
seriously. Profile of blades which is an important part of 
aeroengine is the typical complex curved surface. In this 
paper, analysis the machining principle of complex curved 
surface through machining the profile of blades. During the 
whole machining, the force could be disassembled two 
components. One is along tangential direction of the cutting 
point on the surface which is named fQ. The other one is 
called fF which is along the normal direction of the cutting 
point on the surface (see Fig. 2). During the cutting process, 
fQ is the major force and fF is pressing on the profiles of blade 
all the time. When the load which is produced by fF exceeds 
the critical value that the part can support, a certain amount of 
torsion displacement will be brought into the part which 
would bring the distortion of profile of blades[3]. In the 
process of machining profile of blades, fF is the sensitive 
direction of dimension error. The dimension error which is 
produced by fF is much greater than the one produced by fQ. 
 
Fig.2. cutting force of profile of blade 
3ǃThe typical problems produced in the process of 
machining the complex curved surface 
The structure of complex curved surface is so complex that 
it is difficult to machine and the machining problems emerge 
in an endless stream. Most of these problems will bring 
serious impact into the cutting process and the part, such as 
machining deformation, machining chatter and tool abrasion. 
This paper gives a detailed statistics about the major problems 
produced in the cutting process, causations and the useful 
measures (see Table 1). 
Table 1 Problems of machining complex curved surface 
Problems Causations Measures 
machining 
deformation 
The errors of equipment 
precision and install precision. 
Distortion of installing. 
Cutting force. 
Improve equipment 
precision. 
Control distortion of 
installing 
Reduce cutting force 
machining 
chatter 
Because the material is difficult 
to machining and the rigidity of 
thin-walled parts is poor, The 
defects produced by chatter are 
prone in the machining process. 
Restrain the chatter 
produced in the 
machining process. 
tool 
abrasion 
Because of the passivation of 
cutting position and the coat of 
tools invalidated fast which 
caused by high rigidity of 
material, extrusive cold-work 
hardening and high cutting 
temperature, the cutting force 
changes intensifies and tool 
abrases seriously. 
Improve the 
endurance of tools. 
Use the high-
powered tools. 
4ǃThe advanced simulation analysis of machining 
process 
Use the advanced simulation analysis could study the 
machining process of complex curved surface. By using 
geometric simulation of cutting process and finite element 
analysis of cutting parameters, check the correctness and 
rationality of the NC program, find out the key factors that 
influent cutting force, and optimize the machining process in 
order to realize the high efficiency and quality processing, 
with control the value and the fluctuation of cutting force 
produced in the machining process as the destination. The 
details of the analysis is below˖ 
1) Cutting machining geometrical simulation is mainly 
aimed at checking the correctness of the NC program and 
removing the phenomena of collision, interference, over 
cutting, under cutting etc. 
2) The main research content of finite element analysis of 
cutting parameters is analyzing the cutting force. The 
simulation experiment of Cutting force in tool geometrical 
parameters and cutting parameters will be carried out in order 
to find out he key factors that influent cutting force. 
3) Optimize the machining process of complex curved 
surface according to the analysis result. 
4.1 Geometric simulation of cutting process 
Geometric simulation of cutting process contains 
checking the correctness of the NC program and analyzing the 
machining process. Checking the correctness of the NC 
program is realized by inspecting the rationality of cutter path, 
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smooth situation of surface, cutter feeding and cutter relieving 
with software of machining such as UG. Analyzing the 
machining process simulates the whole machining 
environment by VERICUT, in order to check whether there 
are the problems that influent machining such as collision, 
interference, over cutting, under cutting etc. Then, optimize 
the machining program according to the simulation result. 
4.2 Finite element analysis of cutting parameters 
Cutting load is the key factor that influence the 
machining quality of complex curved surface. The capability 
of tools and cutting parameters will have an effect on the 
machining quality and cutting load. The main geometric 
parameters of tool which influent the capability of tools 
contain diameter, number of teeth, corner radius Rc and helix 
angle. Cutting parameters mainly contain spindle speed, feed, 
cutting width and cutting depth. The data used in this paper 
comes from actual machining of an blade of aeroengine. 
Sample the geometrical parameters of tool and cutting 
parameters. The data is shown in table 2. 
Table 2 Experimental data 
Geometrical parameters of tool Cutting parameters 
diamet
er 
number 
of teeth 
Rc 
helix 
angle 
ap ae F V 
8 4 0.5 35 0.1 2 0.05 30 
10 6 1 40 0.3 3 0.07 50 
12 8 1.5 45 0.5 4 0.09 70 
aǃOrthogonal experiment analysis 
Orthogonal experiment is a scientific method which is 
used to arrange multifactorial experiment and test the 
influence to target object brought by each factor. The 
advantage of orthogonal experiment is that can test the 
influence to target object brought by the factors with fewer 
times of experiments. This is helpful for finding out the key 
factors from these complex factors. 
This paper simulates the influence to cutting force 
produced by different values of geometric parameters of tool 
and cutting parameters using the advanced physical 
simulation software. Then determine the key factors which 
affect cutting force using the orthogonal experiments˄see 
table 3&table 4˅. 
Table 3 Orthogonal experiments of geometrical parameters of tool 
Experiment 
Experiment Factors 
Cutting 
Force Diameter 
Number 
of Teeth 
Rc 
Helix 
Angle 
1 8 4 1.5 40 41.87 
2 8 6 0.5 35 34.041 
3 8 8 1 45 28.46 
4 10 4 1 35 37.959 
5 10 6 1.5 45 32.513 
6 10 8 0.5 40 27.606 
7 12 4 0.5 45 44.552 
8 12 6 1 40 23.951 
9 12 8 1.5 35 24.093 
Cutting 
Force 
K1 104.371 124.381 106.199 96.093 
 
K2 98.078 90.505 90.37 93.427 
K3 92.596 80.159 98.476 105.525 
Range 11.775 44.222 15.829 12.098 
 
Table 4 Orthogonal experiments of cutting parameters 
Experiment 
Experiment Factors Cutting 
Force ap ae fz v 
1 0.1 2 0.09 50 26.514 
2 0.1 3 0.05 30 16.175 
3 0.1 4 0.07 70 23.619 
4 0.3 2 0.07 30 80.471 
5 0.3 3 0.09 70 114.663 
6 0.3 4 0.05 50 66.204 
7 0.5 2 0.05 70 88.42 
8 0.5 3 0.07 50 138.943 
9 0.5 4 0.09 30 183.714 
Cutting 
Force 
K1 66.308 195.405 170.799 280.36 
 
K2 261.338 269.781 243.033 231.661 
K3 411.077 273.537 324.891 226.702 
Range 344.769 78.132 154.092 53.658 
Form the orthogonal experiments we can receive these 
conclusions˖1) In the four geometric parameters of tool, the 
number of teeth and helix angle make bigger influence than 
the other two. 2) In the four cutting parameters, the cutting 
depth and feed make bigger influence than the other two. 
bǃAnalysis of key factors 
ķAnalysis of the number of teeth 
Experiment conditions: 
1) Cutting parameter˖ spindle speed is 1400RPM, 
feed is 250mm/min, cutting width is 2mm, cutting 
depth is 0.3mm˗ 
2) The number of teeth˖from 4 to 8. 
The experimental data is shown in table 5. Draw the 
cutting force curve according to the experiment results (see 
fig.3). From the curve, it can be found that the cutting force is 
reduced with the increasing of the number of teeth. 
Table 5 Analysis of the number of teeth 
the number of 
teeth 
4 5 6 7 8 
Cutting Force 79.27 69.803 52.847 49.623 46.557 
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Fig. 3 Cutting Force Curve 
ĸAnalysis of corner radius Rc 
Experiment conditions: 
1) Cutting parameter˖ spindle speed is 1400RPM, 
feed is 250mm/min, cutting width is 2mm, cutting 
depth is 0.3mm˗ 
2) Corner radius Rc˖0.5ˈ1.0ˈ1.5ˈ2.0. 
The experimental data is shown in table 6. Draw the 
cutting force curve according to the experiment result (see 
fig.4). From the curve, there is not clear relationship between 
cutting force and corner radius Rc. In the condition of this 
experiment, when Rc is equal to1.5, the cutting is the largest 
one. 
Table 6 Analysis of corner radius Rc 
Rc 0.5 1 1.5 2 
Cutting Force 53.708 62.182 72.739 68.464 
 
Fig. 4 Cutting Force Curve 
ĹAnalysis of cutting depth 
Experiment conditions: 
1) Cutting parameter˖ spindle speed is 1400RPM, 
feed is 250mm/min, cutting width is 2mm˗ 
2) The geometrical parameters of tool˖Φ10R1.5ˈ4 
teethǄ 
The experimental data is shown in table 7. Draw the 
cutting force curve according to the experiment result(see 
fig.5). From the curve, it can be found that the cutting force 
increase with the increasing of cutting depth. 
Table 7 Analysis of cutting depth 
ap Cutting Force ap Cutting Force 
0.1 17.855 0.6 87.254 
0.2 27.879 0.7 103.159 
0.3 53.805 0.8 126.163 
0.4 68.911 0.9 146.964 
0.5 87.254 1.0 168.239 
 
Fig. 5 Cutting Force Curve 
ĺAnalysis of feed 
Experiment conditions: 
1) Cutting parameter˖ spindle speed is 1400RPM, 
cutting width is 2mm, cutting depth 0.5mm˗ 
2) The geometrical parameters of tool˖Φ10R1.5ˈ4 
teethǄ 
The experimental data is shown in table 8. Draw the 
cutting force curve according to the experiment result(see 
fig.6). From the curve, it can be found that the cutting force 
increase with the increasing of feed. 
Table 8 Analysis of feed 
fz Cutting Force fz Cutting Force 
0.04 77.996 0.09 172.228 
0.05 97.459 0.10 190.186 
0.06 116.993 0.11 204.595 
0.07 136.492 0.12 218.283 
0.08 155.991 0.13 231.192 
 
Fig. 6 Cutting Force Curve 
4.3 The principles of optimizing key factors 
According to the results of orthogonal experiments and 
analysis of key factors, optimize the machining process of 
complex curved surface could adjust the values of number of 
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teeth, corner radius, cutting depth and feed. The principles is 
as follow˖ 
1) The number of teeth 
Generally the method of increasing the number of teeth 
can be used to control the value of cutting load, because the 
cutting force is reduced with the increasing of the number of 
teeth. At the same time, the width of the flutes is reduced with 
the increasing of the number of teeth. The flute of tool is too 
narrow to removing the chip which will lead to the increase of 
cutting temperature. So increase the number of teeth is 
determined according to the actual machining condition. In 
the process of smaller chip discharge such as finish machining, 
the method of increasing the number of teeth can be taken into 
account. Otherwise when the number of teeth is odd number, 
the chatter can be choked back. 
2) Corner radius Rc 
At the same depth, Rc almost has no effects on cutting 
load. When the diameter remains unchanged, the sharpening 
difficulty is increasing with the growth of the number of teeth. 
So choice the corner radius should match with the tool 
diameter and the number of teeth. 
3) Cutting depth 
Increasing the cutting depth is helpful for improving the 
material removal rate per unit time. The cutting load will 
increase with the growth of cutting depth at the same time. So 
the actual machining conditions and needs should be 
considered when choosing the cutting depth. At the stage of 
the rough machining, the aim is removing the allowance. The 
bigger cutting depth could be chosen in order to improve the 
machining efficiency. In the finish stage, there is a higher 
requirement for the quality of machining process, so the 
smaller cutting depth should be selected to keep the 
machining process steady. 
4) Feed 
At the premise of ensuring the stability of the cutting 
load, the spindle speed and feed could be increased 
reasonably in order to improve the linear velocity of the 
machining. Then improve the efficiency of process effectively. 
5ǃField machining test 
Use the advanced analysis method to optimize the 
machining process of the blade. In the case of making fewer 
changes to the original machining, optimize the machining 
program by selecting the suppressible vibration tool with 
seven teeth and improving the spindle speed and feed. The 
comparison data is shown in table 9. 
Table 9 The comparison of processing scheme for blade 
Processing 
State 
Tool 
Cutting parameters 
Time 
Blade 
number of 
single set 
of tools 
ap ae fz v 
Original N4Φ10R2 0.23 3 1400 300 43min 17 
Optimized N7Φ10R1.5 0.23 3 2000 450 30min ≥100 
From the comparison of processing scheme for blades, 
the time spent by the optimized scheme is obvious smaller 
than the original machining. The time is reduced from 43min 
to 30min for one blade. The Blade number of single set of 
tools is increased from 17 to 100. The tool life and the quality 
of parts are increased significantly. It is obvious that the 
advanced analysis could not only improve the efficiency and 
quality of parts, but also can reduce the cutting tool wear and 
increase the tool life. 
Conclusions 
Machining complex curved surface contains every 
cutting process and the mutual influence between each other. 
This paper presents a new method to analysis the machining 
of complex curved surface based on the advanced analysis. 
Firstly, analysis the factors which influent the cutting force. 
Then establish the relationship among cutting tools, 
machining parameters and cutting parameters. Optimize the 
machining techniques according to the analysis results. Lastly, 
use the physical machining experiment to illustrate the 
validity of the method. The conclusions received from this 
paper is as follow˖ 
(1) The complexity and thin-walled of the complex 
curved surface are the most important causes of machining 
deformation. The deformation is mainly reflected in that the 
geometry error and the relative position error are difficult to 
control. 
(2) Research the relationship among machining 
parameters, cutting force and residual stresses. Control the 
machining deformation of complex curved surface based on 
optimizing the machining parameters, reducing cutting force 
and residual stresses. 
(3) In the case of making fewer changes to the original 
machining programs and parameters, execute the cutting 
process by using the suppressible vibration tool with seven 
teeth not only can reduce the deformation effective, but also 
can improve the processing efficiency greatly. 
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